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ABSTRACT  
This paper describes a simple procedure for growing dense fi lms of Pt nanowires directly on silicon substrates 
by modifying the surface through chemical or physical means. In the former, a self-assembled monolayer of 
(3-mercaptopropyl)-trimethoxysilane (MPTMS) is applied which can strongly bind Pt(0) nuclei to the surface 
through Pt S linkages. Once attached, the Pt(0) nuclei can act as catalytic sites for the growth of Pt nanowires 
along the 〈111〉 direction. Alternately, relief features are physically created on the surface in order to generate 
nucleation and binding sites for Pt(0) nuclei, due to the higher free energy associated with a rough surface. 
Additionally, Pt nanowires have been successfully produced in well-defined patterns by scouring grooves 
on the silicon surface or by photochemically patterning the MPTMS monolayers with a shadow mask. We 
have also measured the electrochemical properties of these immobilized or patterned Pt nanowires. The 
results provide an effective route to producing dense fi lms of Pt nanowires with high surface areas for various 
electrochemical applications.  
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Noble-metal nanostructures have been extensively 
studied in recent years because of their importance 
in various applications, such as catalysis, fuel cells, 
and high performance electrochemical sensors [1 3]. 
Platinum nanostructures have received considerable 
interest, as this metal is known to be one of the most 
important catalysts for many industrial processes, 
including hydrogenation reactions, three-way 
automobile catalytic conversion, and especially the 
hydrogen or methanol oxidation reaction (MOR) and 
the oxygen reduction reaction (ORR) in fuel cells [4 9]. 
It is generally accepted that both catalytic effi ciency 
and selectivity are highly dependent on the size and 
shape of the platinum material. Therefore, a great 
deal of research has been devoted to the synthesis of 
Pt nanostructures with well-controlled morphologies 
[10 14].
In our previous work [15, 16], we demonstrated 
a simple and practical method for growing Pt 
nanowires as densely packed arrays supported on a 
number of templates. This synthesis is remarkably 
straightforward and versatile, generating Pt nanowires 
with extremely high surface areas and structural 
uniformity. Consequently, these Pt nanostructures are 
expected to be ideal candidates for use as catalysts in 
various industrial applications, especially fuel cells. 
So far, we have only demonstrated the growth of Pt 
nanowires on ceramic and polymeric microbeads 
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and on precious metal meshes made of Pt or W. 
While each support provides a suitable substrate for 
Pt nanowire growth, their cost and functionality are 
still rather limited for industrial applications.  Herein 
we demonstrate the use of silicon as an alternative 
support, which is more desirable for commercial use.
Silicon is beginning to be used as a catalyst 
support in various micro power fuel cell designs 
due to its conductive nature and low cost. Although 
silicon is not considered to be an ideal current 
collector, it is expected to effectively draw current 
from the reaction region of a fuel cell [17]. In recent 
years, a new class of small reactors, called micro-fuel 
cells, has emerged as an alternative power source for 
portable electronic devices, and in this regard, silicon 
has become known as one of the most promising 
support materials for the development of micro-fuel 
cells [18, 19]. One reason for the appeal of silicon 
is that the established microelectronic fabrication 
technology provides a cost-effective, reproducible, 
and well-controlled technique for the miniaturization 
and development of novel miniature fuel cells [20]. 
Silicon can also be easily coated with a catalyst 
which converts the otherwise catalytically inactive 
silicon into a functional electrode. The most common 
method involves sputtering a thin layer of carbon 
onto the silicon substrate followed by sputtering or 
electrodepositing Pt, or another active catalyst, on 
the surface [21]. The sputtering method, although 
simple, provides a catalyst layer with a relatively 
low electrochemically active surface area. Here we 
describe a simple, bench-top, wet chemical method 
for integrating a high active surface area catalyst 
layer of Pt nanowires on a silicon substrate with a 
fl at, contoured, or patterned surface.
The work presented in this paper is novel and 
exciting as there are very few demonstrations 
regarding the synthesis of nanowires on solid 
supports, and even fewer demonstrations for 
patterned forms [22 24].  Although ordered arrays of 
nanoparticles on oxide supports have already been 
produced [25], in general bottom-up approaches are 
not easily adapted to generate controllable patterns 
according to the application requirements, and this 
is even less so for the assembly of one-dimensional 
(1-D) nanostructures [26]. Furthermore, there is 
no guarantee that a solution-phase method, the 
simplest and most robust technique for bottom-up 
synthesis, can be extended to form nanowires as a 
supported coating. We have tackled this challenge 
and successfully patterned large areas of silicon with 
Pt nanowires. This feat can potentially be of benefit 
in the electronic, sensing, and catalytic industries as 
it is becoming more likely that the future of these 
applications will require integration of numerous 1-D 
nanostructures through assembly, patterning, and 
alignment on solid supports over large areas [27].
In order to grow Pt nanowires as a dense thin 
film on silicon, it is critical to functionalize the 
surface chemically or texture the surface physically. 
Without any modification, a polished silicon wafer 
has a chemically inert and featureless surface (see 
the inset of Fig. 1(a)). As such, it provides no aid 
to the nucleation and growth of Pt nanowires. To 
chemically prepare silicon for the growth of Pt 
nanowires, a typical experiment began by dip-coating 
a clean silicon substrate in a 0.5 mmol/L solution of 
(3-mercaptopropyl)-trimethoxysilane (MPTMS). After 
washing the functionalized substrate with copious 
amounts of ethanol and drying under a continuous 
stream of air, it was added to an iron-mediated polyol 
reduction bath and heated at 110 °C. In a typical 
synthesis, 1 mL of H2PtCl6 solution in ethylene 
glycol (80 mmol/L) was added into the solution 
along with 1 mL of poly(vinyl pyrrolidone) (PVP) 
solution in ethylene glycol (400 mmol/L, in terms 
of the repeat unit). A trace amount of FeCl3 was also 
added to serve as an oxidative etchant for Pt(0) (see 
Experimental section for details).  Once initiated, 
the Pt nanowires could continually grow until the 
supply of Pt(0) atoms was exhausted [15, 16]. Due to 
the presence of thiol moieties (from MPTMS), the Pt 
nanowires could nucleate and grow from the silicon 
surface, resulting in a dense film of Pt nanowires 
across the entire substrate surface. After reacting 
for 18 h, black aggregates began to appear on the 
silicon substrate, indicating the formation of a Pt 
nanowire coating. As shown in Fig. 1(a), the array 
of Pt nanowires is dense and continuous. The key to 
this synthesis is the strong propersity of the exposed 
surface of Pt nanoparticles to bind to the terminal 
thiol group of MPTMS [28 31]. It is known that the 
131Nano Res (2008) 1: 129 137
H2PtCl6 precursor is initially reduced to a stable Pt(II) 
species, as an intermediate, when heated to 110 °C
in ethylene glycol [10]. Continued heating of the 
intermediate species at 110 °C results in the formation 
of Pt(0) nuclei, which chemisorb onto the MPTMS 
monolayer through the formation of strong Pt
S linkages [28 31]. Once attached, the Pt(0) nuclei 
serve as catalytic seeds for the anisotropic growth 
of Pt nanowires. The use of metal nanoparticles 
as catalytic seeds for growing Pt nanowires has 
been previously demonstrated by our group for a 
number of dielectric and metal substrates [15, 16]. 
Here we show that this seeding process can also be 
applied to silicon substrates. As shown in Fig. 1(b), 
the Pt nanowires are single crystals with the growth 
direction along the 〈111〉 
a x i s .  F u r t h e r m o re ,  t h i s 
growth process can be readily 
extended to silicon substrates 
with contoured or pitted 
surfaces to form coatings of 
Pt nanowires conforming to 
the surface contours. Figure 
1 ( c )  shows  an  scanning 
electron microscopy (SEM) 
image of a silicon substrate 
with a patterned array of 
5  μm  p i t s  p ro d u c e d  b y 
microcontact printing and 
selective etching. To prepare 
the substrate for Pt nanowire 
growth,  the surface was 
functionalized with MPTMS 
by dip-coating, followed 
by extensive rinsing with 
ethanol and drying under a 
continuous stream of air. By 
varying the concentration 
of H2PtCl6 introduced into 
the iron-mediated polyol 
synthesis,  the density of 
P t  n a n o w i r e s  c o u l d  b e 
controlled: use of higher 
concentrations of H2PtCl6 
results in an increased density 
of Pt nanowires. In Fig. 1(d), 
an 80 mmol/L solution of H2PtCl6 was used, and the 
inset confi rms the growth of Pt nanowires.
Another approach to growing Pt nanowire 
fi lms on silicon is to create textured surfaces, which 
suffi ciently promote the nucleation of Pt(0) atoms and 
subsequently induce the formation of Pt nanowires 
as a deposited thin fi lm. Figure 2(a) shows the SEM 
image of the unpolished side of a silicon wafer, which 
is very rough on the surface. As seen in Fig. 2(b), 
Pt nanowires nucleated and grew from the rough 
surface during the iron-mediated polyol synthesis. 
The inset confi rms that the deposits growing on the 
uneven surface are in fact Pt nanowires. We suspect 
that these Pt nanowires had mainly nucleated at 
defect sites. It has been shown in other studies that 
Figure 1   (a) SEM image showing a dense film of Pt nanowires on the surface of a polished 
silicon substrate, which was modified with (3-mercaptopropyl)-trimethoxysilane (MPTMS) prior to 
its introduction into the iron-mediated polyol synthesis; the inset shows a pristine polished silicon 
substrate, which exhibits a featureless surface. (b) HRTEM image of an individual Pt nanowire released 
from the sample in (a). The image shows that the nanowire is single crystalline. The fringe spacing 
of 0.23 nm corresponds to the interplanar separation between the {111} planes, implying that the 
growth direction of the nanowire is along the 〈111〉 axis. (c), (d) SEM images of a pitted silicon 
substrate before and after growing Pt nanowires on the MPTMS-functionalized surface. The pitted 
surface was fabricated by patterning and then anisotropic etching. The Pt nanowires were grown 
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highly irregular and rough surfaces can serve as 
primary nucleation sites for the growth of metal 
nanostructures. This is a result of the higher surface 
energies associated with the rough features, which 
signifi cantly lower the barrier for nucleation [32, 33].
By modifying silicon surfaces through chemical 
functionalization or texturing, we have also 
demonstrated that Pt nanowires could be grown onto 
surfaces in well-controlled patterns. Figure 3 illustrates 
two procedures for creating functional patterns. In 
the first method (Fig. 3(a)), regions of high surface 
roughness are created by simply scouring lines across 
the polished side of a silicon wafer with a diamond 
cutter [34]. This generates grooves with highly 
irregular features, which can act as nucleation sites. 
In the second method (Fig. 3(b)), the silicon surface is 
fi rst treated with MPTMS by dip-coating, followed by 
immediate washing with ethanol and drying with a 
continuous fl ow of air. Once functionalized, a copper 
grid was taped over the functionalized surface to serve 
as a shadow mask. After the sample was exposed to a 
plasma etching at 100 W for 10 min, regions in which 
the copper grid did not cast a shadow were etched by 
plasma, leaving a checkered pattern in the MPTMS 
monolayer. As indicated earlier, the regions still 
functionalized with MPTMS have a high selectivity for 
binding Pt(0) nuclei and serve as catalytic sites for the 
anisotropic growth of Pt nanowires. Figure 4 shows 
SEM images of the resulting Pt nanowires grown 
onto the patterned silicon surfaces. Figures 4(a), (b) 
show SEM images of 
Pt nanowires growing 
mostly from the grooves 
created by scouring 
the surface. Figure 4(b) 
shows that  a  dense 
coating was formed at 
the grooves, and the 
inset confirms that the 
coating is composed 
of nanowires. Figures 
4(c), 4(d) show SEM 
images of Pt nanowires 
g r o w i n g  o n  t h e 
MPTMS-functionalized 
surface. The regions 
（a）
（b）
Figure 2   SEM images of the unpolished side of a silicon wafer (a) 
before and (b) after Pt nanowires were grown on the surface. The 
textured features on the unpolished surface can act as nucleation sites 
for the growth of Pt nanowires, as seen in (b). The inset shows a high-
magnifi cation image of the nanowires grown on the rough surface
Figure 3   Schematic outlines of the major steps in generating functional patterns on the surface of silicon 
substrates. In scheme (a) a clean silicon substrate is patterned with crossing lines by scouring the surface with 
a diamond cutter. In the fi rst step of scheme (b), a clean silicon substrate was treated with MPTMS by dip-
coating, followed by washing with a high volume of ethanol and drying with a continuous fl ow of air.  After 
functionalizing, a copper grid was placed over the surface as a shadow mask and placed into a plasma cleaner 
for selective etching. After etching, the regions protected by the shadow, which was cast by the copper grid, 
remained functionalized while the exposed regions were stripped of MPTMS
（b）
（a）
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outside the checkered pattern 
are mostly bare due to the 
r e m o v a l  o f  M P T M S  b y 
plasma etching. Figure 4(d) 
shows a higher magnifi cation 
image of the boxed region 
in Fig. 4(c), with an inset 
confi rming that a dense array 
of nanowires was formed.
To determine whether the 
Pt nanowires supported on 
silicon substrates could be 
used as electrodes, the redox 
behavior of ferricyanide ions 
was used as an electrochemical
p ro b e  t o  d e t e r m i n e  t h e 
performance of each sample. 
Figure 5(a)  shows cycl ic 
voltammograms comparing 
the activities of silicon with 
three different surfaces: bare 
silicon, a patterned array of Pt 
nanowires, and a continuous 
film of Pt nanowires. All the 
samples were prepared on 0.5 
cm ×0.5 cm silicon substrates 
and all the electrochemical 




Figure 4   SEM images of Pt nanowires grown on polished silicon substrates, which had been 
patterned by either scouring (a), (b) or by etching with a shadow mask (c), (d). (a), (b) A dense array 
of Pt nanowires was grown in the grooves generated by scouring the substrate. The inset in (b) 
shows a high-magnifi cation image of the Pt nanowires. (c), (d) Pt nanowires growing from regions 
functionalized with MPTMS. The patterns were generated by initially functionalizing the surface 
with MPTMS, followed by plasma etching through a copper grid. The inset in (d) shows a high-
magnifi cation image of the Pt nanowires
Figure 5   Cyclic voltammetric curves of silicon substrates whose surface are covered by Pt nanowires as a dense fi lm and a patterned array, 
performed with a sweep rate of 40 mV/s and 1 mol/L KCl as the supporting electrolyte. (a) A comparison between different working electrodes: 
bare silicon, a patterned array of Pt nanowires, and a continuous fi lm of Pt nanowires. The CV curves were performed using 5 mmol/L ferricyanide 
solution. (b) Voltammetric responses of a Pt nanowire fi lm sample at different ferricyanide concentrations ranging from 5 mmol/L  to 35 mmol/L 
（b）（a）
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in a conventional three-electrode cell at room 
temperature. The silicon substrates were used as 
the working electrodes, and a platinum and Ag/
AgCl electrode served as the counter and reference 
electrode, respectively. Each measurement was 
performed with 5 mmol/L ferricyanide solution in 
1 M KCl solution with a sweep rate of 40 mV/s. The 
results of these electrochemical experiments indicated 
that of the three working electrode surfaces, the Pt 
nanowire film exhibits the greatest activity, due to 
the high electroactive surface area associated with 
the Pt nanowires. As expected, the patterned surface 
performed worse than the film due to the lower 
density of Pt nanowires present on the surface. It is 
also to be expected that the electrochemical activity 
of the Pt nanowire fi lm would perform much better 
than bulk Pt electrodes due to the large surface area 
provided by the nanowire structure. This is supported 
by our previous work [15], in which we have shown 
that Pt nanowires coated on a Pt gauze had an 
electrochemically active surface area that is about two 
to three orders of magnitude higher than the pristine 
Pt gauze without Pt nanowire coating. To examine 
the response of the Pt nanowire film electrode to 
varying concentrations of ferricyanide, voltammetric 
curves were obtained with concentration increasing 
from 5 mmol/L to 35 mmol/L, as shown in Fig. 5(b). 
The supporting electrolyte solution was 1 mol/L 
KCl throughout and all runs were carried out with 
a sweep rate of 40 mV/s. As the concentration 
increased, the oxidation and reduction peak currents 
increased montonically. These results verify that the 
Pt nanowire film supported on a silicon substrate 
can function as an electrode in an electrochemical 
cell. With regard to the reversibility of the redox 
couple, the observed potential peak separation 
(∆Ep) was 110 mV for ferricyanide concentrations in 
the range from 5 mmol/L to 35 mmol/L. This ∆Ep 
value is higher than the value of 59 mV expected for 
a reversible one-electron system, because of the fast 
scan rate of 40 mV/s used in our measurements [35]. 
The poly(vinylpyrrolidone) (PVP) coating on the Pt 
nanowires might also contribute to the increased 
separation of the redox peaks.
In summary, we have demonstrated that thin fi lms 
of Pt nanowires can be directly grown onto silicon 
substrates, by modifying the surface with a thiol-
terminated silane or by creating rough features on the 
surface. The self-assembled monolayer of MPTMS 
on the silicon surface acted as strong binding sites 
for the polyol-formed Pt(0) nuclei. Once the Pt(0) 
nuclei were attached to the silicon surface, they acted 
as catalytic sites for the anisotropic growth of Pt 
nanowires along the〈111〉direction. Similar to the 
MPTMS monolayer, the rough features on the silicon 
support acted as nucleation and binding sites due 
to their higher surface energies, which allowed the 
nucleation of Pt atoms and the subsequent growth 
of Pt nanowires. The principles learned from these 
two surface modification techniques were utilized 
further to demonstrate the growth of Pt nanowires 
into well-defined patterns, generated by scouring 
the surface of bare silicon or by etching patterns 
in MPTMS monolayers with a shadow mask. The 
results described here provides a new technique for 
producing thin films of Pt with high surface areas, 
and a new type of electrode that can be used as an 
electrochemical sensor or as an active component for 
applications in miniaturized fuel cells. Furthermore, 
the simplicity and versatility of the patterning 
techniques, coupled with the straightforward method 
of growing Pt nanowires, provide a remarkably 
simple method for coating multiple forms of silicon 
substrates with catalytically active Pt nanowires. 
Experimental
Preparation of 5 μm pits on silicon substrate: 
Beginning with a Si (100) wafer coated with 50 Å of Ti 
as an adhesion layer and 1000 Å Ag (purchased from 
the Washington Technology Center, Seattle, WA), the 
first step was to print a self-assembled monolayer 
(SAM) as a protective layer on the surface of the Ag-
coated silicon wafer with the desired pattern. To 
do this, a solution of octadecanethiol (ODT, 0.06 g 
in 1000 mL of ethanol) was applied to a patterned 
poly (dimethyl siloxane) stamp (PDMS, Sylgard 
184 Elastomer kit, Dow Corning, Midland, MI) 
with features of 5 μm lines by using a cotton Q-tip 
and drying the stamp with a continuous stream of 
nitrogen for 30 s. The dried stamp was then brought 
into conformal contact with the Ag surface for 10 s.
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After removing the stamp from the surface the 
stamping procedure was repeated, without re-inking, 
and orthogonal to the previous stamping. Once the 
SAM was printed onto the surface, the unprotected 
region of Ag was selectively etched with an etching 
solution (0.8 g of ferric nitrate and 0.23 g of thiourea 
in 100 mL of DI water under magnetic stirring at 300 
rpm) for 4 min, and then rinsed with DI water and 
dried under a continuous stream of nitrogen. After 
removing the Ag, the exposed silicon was selectively 
etched with an etching solution (350 g KOH in 700 
mL of DI water and 200 mL of isopropanol, under 
magnetic stirring at 300 rpm and at 85 °C) for 4 min, 
followed by rinsing with DI water and drying under 
nitrogen. The fi nal step was the complete removal of 
the Ag layer. This was done by immersing the entire 
substrate into a concentrated silver etching solution 
(3.2 g of ferric nitrate and 0.92 g of thiourea in 100 mL 
of DI water under magnetic stirring at 300 rpm) for 7 
min, followed by rinsing with DI water and drying.
Preparation of patterned surfaces: The scratched, 
checkered patterns were prepared by scouring lines 
across the surface of a clean silicon substrate with a 
diamond cutter, followed by a thorough wash with 
water and ethanol. The second method for generating 
checkered patterns required the use of copper grids 
(PELCO ® Grids, 1GC 300 mesh), which were used 
as shadow masks for patterning, and MPTMS (0.5 
mmol/L in MeOH) to functionalize the surface of 
the silicon substrate. Initially, a clean silicon wafer 
was functionalized with MPTMS by dip coating, and 
then washed immediately with copious amounts 
of ethanol to remove excess MPTMS, followed by 
drying under a continuous stream of air. Next, 
a copper grid was taped over the functionalized 
surface and the sample was plasma cleaned at 100 W 
for 10 min. In doing this, regions in which the copper 
grid did not cast a shadow were cleaned by plasma, 
leaving a monolayer of MPTMS with a checkered 
pattern. After plasma etching the copper grid was 
carefully removed from the substrate.
Synthesis of Pt nanowires on silicon substrates: 
The formation of Pt nanowires on the patterned and/
or functionalized silicon substrates, typically began 
by injecting 4 mL of ethylene glycol (e. g., J. T. Baker, 
Lot# A34B16) into a 3-neck fl ask (fi tted with a refl ux 
condenser and a teflon coated stir bar) which was 
heated in air at 110 °C for 30 min. The patterned and/
or functionalized silicon substrate was then added to 
the ethylene glycol along with 20 μL of a 20 mmol/L 
iron species (FeCl3 · 6H2O or FeCl2 · 6H2O, Aldrich, pre-
dissolved in ethylene glycol). The solution was heated 
for an additional 30 min to boil off any trace amounts 
of water. Poly(vinylpyrrolidone) (PVP, 0.045 g, 
Aldrich, MW ≈ 55,000) and H2PtCl6 (0.033 g, Aldrich) 
were each dissolved separately in 1 mL of ethylene 
glycol at room temperature. These two solutions 
were then added simultaneously into the flask over 
a period of 1.5 min. The molar ratio between H2PtCl6 
and the repeating unit of PVP was 1:5. The reaction 
mixture was heated at 110 °C in air. After 18 h, the 
fi nal solution was colorless with black aggregates on 
the silicon substrate and at the bottom of the flask. 
The silicon substrate was washed thoroughly with 
ethanol and water to remove ethylene glycol and 
excess PVP.
Electrochemical measurements: Electrochemical 
activities were measured by cyclic voltammetry 
using a standard three-electrode cell at a computer-
controlled Perkin Elmer Potentiostat/Galvanostat 
Model 283 electrochemical workstation. The sample 
of Pt nanowires on a silicon substrate was used as the 
working electrode, which was clipped to a Cu wire 
bent into a paper clip to ensure a conductive contact. 
A Pt wire and a Ag/AgCl electrode served as the 
counter and reference electrode, respectively. Tests 
were performed by cycling the voltage between 0.1 V
and 0.5 V in 5 mmol/L to 35 mmol/L aqueous 
potassium ferricyanide (Aldrich) solution at room 
temperature. 1 mol/L KCl (Aldrich) was used as the 
supporting electrolyte. The scan rate was 40 mV/s.
Materials characterization: The SEM samples 
were prepared by placing the as-prepared silicon 
substrates on a carbon tape, washing with a large 
volume of water,  and drying under ambient 
conditions. SEM images were taken using a Sirion 
XL field-emission microscope (FEI, Hillsboro, OR) 
operated at an acceleration voltage in the range 10–
15 kV. High-resolution TEM images were performed 
using a JEOL JEM-2100F microscope operated at 
an accelerating voltage of 200 kV. Electrochemical 
experiments were performed with a Model 283 
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Potentiostat/ Galvanostat (Advanced Measurement 
Technology, Inc., Oak Ridge, TN).
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